Zeolite membranes have been a topic of much research in recent years, as a possible means of performing efficient and low-cost separations of organic molecules and gases.
Introduction
Zeolite membranes have been a topic of much research in recent years, as a possible means of performing efficient and low-cost separations of organic molecules and gases. 1 Among the zeolite membranes, only zeolite NaA (LTA) type has been used for the dehydration of organic liquids on a large commercial scale. [2] [3] [4] For the purpose, pervaporation (PV) has been applied as an effective and energy-efficient technique. 5, 6 The PV performance of the LTA membrane is usually evaluated by permeation flux Q and water selectivity α. [2] [3] [4] However, few researchers have studied the quantitative relationship between such PV performance and the zeolite membrane structure. It is very important to understand quantitatively such a relationship for design not only of an efficient synthesis method of the LTA membrane but also of the optimum PV process. Furthermore, if feasible, the quality of the membrane and the PV performance should be evaluated nondestructively and rapidly using such a relationship, because the PV experiments of zeolite membranes are time-consuming and require a lot of tedious effort. [2] [3] [4] [5] [6] Many researchers have already characterized the zeolite materials by using SEM, TEM, XRD, XRF, XPS, and IR/Raman spectroscopy. 7 Therefore, although the crystal structures and chemical properties of zeolite materials themselves, especially of powder-formed ones, have been well understood, 7 few quantitative analytical studies by which the dehydration performance of the LTA membrane can be estimated nondestructively have been reported.
In this study, we have tried a nondestructive and rapid evaluation method of the LTA membrane PV performance based on spectroscopic measurements. A Fourier Transform Infrared Attenuated Total Reflectance method (FTIR-ATR) with a diamond prism as the waveguide was examined as a possible means of performing nondestructive measurements that are independent of sample shape. Using the method, LTA membrane supported by an alumina porous support tube was characterized. For a hard material like alumina, it is better to use a diamond prism as a waveguide. Generally, IR studies 7 of zeolite materials have been carried out concentrating on surface hydroxyl groups, organic contaminants and so on, that is, in the frequency region above 1500 cm -1 . In contrast to the conventional IR studies, we intensively studied a frequency region (650 -1500 cm -1 ) of the LTA framework vibrations and found a quantitative relationship between the framework vibrations and the PV performance. Consequently, it was shown that such a relationship can be used to estimate rapidly and nondestructively the EtOH/H2O PV performance of the LTA membrane.
A zeolite NaA (LTA) membrane supported by an alumina porous support tube was characterized by Fourier Transform Infrared Attenuated Total Reflectance method (FTIR-ATR) with a diamond prism as the waveguide. A method using the FTIR-ATR was developed to estimate rapidly the EtOH/H2O pervaporation (PV) performance of the membrane. The Si-O asymmetric stretching vibration region of LTA membrane spectra synthesized hydrothermally on seeded alumina substrates showed a bimodal peak (830 -1200 cm -1 ). The two peaks were assigned to a surface LTA directly derived from the seed crystal (1012 cm -1 ), and to LTA and/or amorphous substances embedded in the alumina porous support (930 cm -1 ). The spectrum from LTA membrane synthesized on nonseeded alumina substrate, however, showed a single broad peak similar to the powder-formed one. These results indicate that the Si-O spectral shape of the LTA membrane is influenced strongly by the synthesis method. Also, the FTIR-ATR of the LTA membrane can detect the Si-O peaks as part of the depth information. It was first shown that the relative ratio (930 cm -1 /1012 cm -1 ) of the two Si-O peaks from the LTA membranes on seeded alumina substrates closely relates to the water selectivity (α) in the PV of EtOH/H2O mixture; the α increases exponentially with the peak ratio. This result suggests that the differences in the vertical distribution of LTA crystal and amorphous material strongly affect the dehydration performance in the EtOH/H2O PV, that is, the amorphous-like material embedded in the alumina porous support plays an important role. The relative peak ratio measurement can be used for the rapid evaluation of the dehydration performance of the membrane.
Experimental

Synthesis of LTA membrane
Porous alumina tubes with dimensions of 12 ± 0.3 mm o.d., 9 ± 0.3 mm i.d. and 800 mm length were used as the substrates. Average pore size and porosity of the substrates were 1.3 µm and 40 -47%, respectively. Prior to membrane synthesis, the substrates were coated with LTA seed crystals. 8 Thereafter, membranes were gel-synthesized hydrothermally on the seeded substrates.
The detailed description has been presented elsewhere. 4, 8 The thickness of the LTA membrane synthesized by this method was within 10 µm. Unless stated otherwise, LTA membrane refers to one synthesized on the seeded substrates. A membrane synthesized on a nonseeded substrate was also examined for comparison.
PV test of EtOH/H2O mixture
To estimate the dehydration performance of the LTA membrane, we carried out a PV experiment according to our previous work. 4, 8 The outline is as follows. The 800 mm LTA membrane tubes were cut into several 100 mm tubes prior to the PV test. Using the 100 mm LTA membrane tubes, feed liquid (ethanol/water: 90/10) was fed to the outer side (membrane side) of the tube and the inside of the tube was evacuated through a vacuum line. The permeating vapor was collected by a cold trap cooled by liquid nitrogen. Composition analysis of the feed and permeate was performed on a gas chromatograph. The PV performance of the membrane tube was evaluated for permeation flux, Q in kg/(m 2 h), and water selectivity, α. The selectivity of water over ethanol was defined as αw/e = (Yw/Ye)/(Xw/Xe), where X and Y are the weight fractions of the water components in the binary feed mixture and in the permeate, respectively. Subscripts w and e refer to water and ethanol, respectively. Therefore, the higher α values mean better dehydration performance.
FTIR-ATR measurement
For the FTIR-ATR measurement, we employed a FTIR spectrometer (Nexus 670) equipped with an ATR attachment (single reflection type, Smart Golden Gate) manufactured by Thermo Electron Corporation. Measurement was carried out 3 h after the ATR attachment was set to stabilize the background spectrum. Figure 1 shows a schematic diagram for the FTIR-ATR measurement of the LTA membrane tube. A diamond prism was used as the waveguide and the 100 mm membrane tube samples were pressed and fixed on the prism. The size of the IR beam was 2 mm and the incidence and reflection angle were each 45 degrees. The samples were scanned for 100 times at the spectral resolution of 4 cm -1 . Spectrum was recorded in the mid IR region between 400 and 4000 cm -1 , and the signal from the Si-O asymmetric stretching vibration (830 -1200 cm -1 ) was monitored.
Results and Discussion
FTIR-ATR spectra of the LTA membrane tubes
Nondestructive measurements of zeolite membrane characteristics are benefical for estimating quickly the membrane performance. As shown in Fig. 1 , the present FTIR-ATR method is suitable for nondestructive and rapid measurement of tubular zeolite membrane sample, because the tubular sample can be directly subjected to the ATR prism without any pretreatments. Figure 2 shows the typical FTIR-ATR spectra of an alumina porous support tube (a) and the LTA membrane synthesized on seeded alumina substrate (b). For checking the reproducibility of the present ATR method, we randomly measured five and eight points for (a) and (b) samples, respectively. As shown in Fig. 2 , the present ATR method gave a good reproducibility for tubular samples. Most of the background spectra from the alumina porous support occurred in a frequency region between 400 and 900 cm -1 and did not affect LTA-related peaks Therefore, a bimodal peak of Si-O asymmetric stretching vibration between 830 and 1200 cm -1 could be used for the evaluation of LTA membranes in this study. The spectrum of LTA membrane was similar to that of the pure LTA powder at frequency lower than 830 cm -1 . However, it was not used in this study, because the strict discrimination from the background spectrum of alumina support tube was difficult. In conventional IR studies 7, 9 of Si-O asymmetric stretching vibration of zeolite materials, the spectral shape has not been discussed sufficiently; this study, however, focuses on the Si-O spectral shape and its relation with dehydration performance.
Assignment to the two Si-O asymmetric stretching vibration peaks of the LTA membrane tubes
As shown in Fig. 2 , the Si-O asymmetric stretching vibration region of the LTA membrane spectra showed a bimodal peak.
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ANALYTICAL SCIENCES MARCH 2005, VOL. 21 For identifying the two peaks, we examined FTIR-ATR spectra of several closely-related materials, as shown in Fig. 3 . The Si-O asymmetric stretching vibration region of a commercially available LTA powder showed a single broad peak. The spectrum (Fig. 3a) of the seed slurry showed a peak similar to the one on the left side (1012 cm -1 ) of the LTA membrane. Thus, it was found that even commercially available powderformed LTA crystals show the different spectral shapes. The spectrum (Fig. 3b ) from LTA membrane synthesized on nonseeded substrate, however, showed single broad peak similar to the powder-formed one, which suggests a low density. These results indicate that the Si-O asymmetric stretching vibration region of LTA membrane spectra should be influenced strongly by the synthesis method and that the density of LTA membrane on a nonseeded substrate is lower than that of one on a seeded substrate. Consequently, we conclude that the left side (1012 cm -1 ) peak of the LTA membrane is mainly derived from the seed crystal coated beforehand.
Next, for identifying the right side (930 cm -1 ) peak, we carried out the following experiments. The surfaces of LTA membrane samples were roughly shaved 2 -3 times using a rasp, that is, the spectra of the surfaces after being shaved contain information from materials embedded in alumina porous support. To check the reproducibility of the experiment, we tested two membrane samples. As shown in Fig. 4 , the left side (1012 cm -1 ) peak disappeared with the depth, although the strict information on the depth can not be determined. This result indicates that the right side (930 cm -1 ) peak is derived from materials embedded in the alumina porous support. To discuss the chemical species of the materials embedded in alumina porous support, we carried out the following reproduction experiment of the spectrum. Figure 5 shows a spectral change due to heating of the gel used. An original gel 8 as prepared showed no peaks in the frequency region of interest. Powders obtained by heating at 115˚C, for example, showed a clear Si-O related peak in the frequency region of interest and the peak shifted to the low frequency side with heating time. Also, as shown in Fig. 6 , the Si-O related peak of the powder obtained by heating at 115˚C for 60 min coincided well with a peak of the surface obtained after shaving the LTA membrane. X-ray diffraction analysis (Fig. 7) of the powder obtained by heating at 115˚C for 60 min did not show a LTA-like pattern, although the pattern is somewhat crystalline compared to that of the original gel as prepared. Judging from these results, we can conclude that the right side (930 cm -1 ) peak of the LTA membrane is derived from amorphous substances and/or LTA crystals embedded in the alumina porous support.
On the basis of the above experiments, Fig. 8 shows a peak assignment result for the two Si-O related peaks of the LTA membrane. As a reasonable result, the two peaks can be assigned to a surface LTA directly derived from the seed crystal (1012 cm -1 ), and amorphous substances and/or LTA crystal embedded in the alumina porous support (930 cm -1 ). These 323 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 Fig. 3 FTIR-ATR spectra of LTA membranes on seeded (a) and nonseeded (b) substrates, and the comparison with spectra for LTA powder and a seed crystal. Fig. 2 Examples of the typical FTIR-ATR spectra of an alumina porous support tube (a) and LTA membrane on a seeded substrate (b). Five and eight points were randomly measured for (a) and (b), respectively. Fig. 4 Examples of the FTIR-ATR spectra of surfaces after shaving LTA membranes on seeded substrates. Two membranes: (a) and (b), were used to check the reproducibility. Relationship between the Si-O spectral shape and dehydration performance of the LTA membrane tube in PV Figure 9 shows a typical Si-O spectral change of LTA membrane tubes corresponding to dehydration performance in EtOH/H2O (90/10) PV. As can be seen clearly in that figure, the spectral shape of the Si-O asymmetric stretching vibration widely changed corresponding to the PV performance, that is, the relative intensity of the right side (930 cm -1 ) peak increases with water selectivity (α) in EtOH/H2O (90/10) PV. Therefore, the relative ratio (930 cm -1 /1012 cm -1 ) of the two Si-O peaks was determined using the peak intensities at 930 cm -1 and 1012 cm -1 . Figure 10 shows a correlation plot between the relative ratio (930 cm -1 /1012 cm -1 ) of the two Si-O peaks and the α in EtOH/H2O (90/10) PV. Each peak ratio used here was calculated as the average value from the eight points (randomly selected) independent measurements of each 100 mm tubular sample. Relative standard deviations (RSDs) in the average peak ratio measurements, which mean the homogeneity in each 100 mm tubular sample, were 2.2 -9.3%. It was shown that the relative peak ratio from the LTA membrane closely relates to the water selectivity (α) from EtOH/H2O mixture; the α increases exponentially with the peak ratio. This relationship can be utilized for the nondestructive and rapid evaluation of the dehydration performance. Permeation flux Q, however, did not show a good correlation. Although it has been believed that water molecules pass through zeolitic pores of 0.4 nm and that the phenomenon is a major driving force of dehydration, the present results suggest that the differences in the vertical distribution of LTA crystal and amorphous material affect strongly the dehydration performance of the membrane, that is, the amorphous-like material embedded in the alumina porous support plays an important role.
Conclusion
The FTIR-ATR spectral shape of the Si-O asymmetric stretching vibration region from the LTA membrane was studied in detail. A quantitative relationship between the vertical structure of the tubular LTA membrane and the dehydration performance in PV was first clarified by FTIR-ATR characterization. The relative ratio measurement of the two Si-O peaks that can give some depth information can be practically used for the nondestructive and rapid evaluation of . Each peak ratio plotted was calculated as the average value from eight points (randomly selected) from independent measurements of each 100 mm tubular sample.
